We estimate the mean steric sea level variations over the 60°S-60°N oceanic domain for the recent period (from August 2002 to April 2006 , by combining sea level data from Jason-1 altimetry with time-variable gravity data from GRACE. The observed global mean sea level change from satellite altimetry results in total from steric plus ocean mass change. As GRACE measurements averaged over the ocean represents the ocean mass change component only, difference between GRACE and altimetry observations provides an estimate of the mean steric sea level. Two different sets of GRACE geoid solutions (the GRGS EIGEN-GL04 and the GFZ EIGEN-GRACE04S products) have been used. Each GRACE data set computed with in situ hydrographic data. However over the last 3.5 years, we note a strong discrepancy between altimetry minus GRACE and in situ-based steric sea level trend, the latter exhibiting a negative slope. The cause for such a discrepancy is yet unknown but may be related to inadequate sampling of in situ ocean temperature measurements 3 Introduction.
Introduction.
In March 2002, a new generation of gravity missions was launched: the Gravity Recovery and Climate Experiment (GRACE) space mission [1, 2] . GRACE now provides an invaluable set of new observations allowing us to quantify the spatio-temporal change of total terrestrial water storage (underground and surface waters, snow and ice mass changes). In addition the GRACE data over the oceanic domain can provide information on ocean mass change (one of the two contributions to sea-level change, i.e., that resulting from water mass addition due to land ice melt and exchange with terrestrial storage).
GRACE measures spatio-temporal variations of the gravity field with an unprecedented resolution and precision, over time scales ranging from about 10 days to several years. These spatio-temporal gravity variations can be expressed in terms of lateral mass redistributions assuming they are caused by surface water changes inside the surface fluid envelopes of the Earth (oceans, atmosphere, ice caps, and continental reservoirs). GRACE quantifies vertically-integrated water mass changes with a precision of a few cm in terms of water height for a spatial resolution of approximately 500 km (e.g., [3] [4] [5] [6] [7] [8] [9] [10] ). GRACE measurements have already been used to determine mass balance of the ice sheets and corresponding contribution to sea level [11] [12] [13] [14] , ocean mass change [15] and geographically averaged thermal expansion when combined with satellite altimetry [16, 17] . In the present paper we focus on the latter application.
GRACE Data
The data set provided by the GRACE project consists of monthly sets of spherical harmonic geoid coefficients (and associated uncertainties) up to degree and order 100 to 120 for the time span starting in April 2002 or a few months later depending on the GRACE data processing center and data release. These coefficients are derived from raw tracking measurements (GRACE consists of a pair of satellites whose mutual distance, absolute positions and velocities are continuously monitored), they are computed by the Center for Space Research (CSR) and Jet Propulsion Laboratory (JPL) in the USA, and the GeoForschungsZentrum (GFZ) in Germany. Recently another group has computed GRACE geoid solutions (GRGS, France).
The static component of the gravity field is mainly due to solid Earth contributions and it explains nearly 99 per cent of the total gravity field. The time-variable component generally is expressed as geoid anomalies with respect to the static field, and the latter is approximated by the temporal mean of a several-year time series of GRACE geoids.
The time dependent spherical harmonic geoid coefficients, {δC nm (t) and δS nm (t)}, where n and m are the degree and order respectively, define the time-variable geoid anomalies:
Herein (1) N is the maximum degree of the decomposition, t is time, θ is the co-latitude, λ is the longitude and P nm is the associated fully normalized Legendre polynomial. Degree N is equivalent to a spatial wavelength λ, where λ is approximately 2πR e /N (R e is the mean Earth's radius ~ 6371 km). The time variable geoid is classically expressed as a surface load function δq(θ, λ, t) related to the geoid spherical harmonics by (e.g., [18] ):
where k' n represents the load Love numbers that allows taking into account the elastic compensation of the Earth to surface load and M is the Earth's mass. Because of orthogonality of Legendre polynomials, the spherical harmonic coefficients of the GRACE geoids are linearly related, for a given degree and order, to corresponding spherical harmonic coefficients of the load function q, so that it is easy to deduce the surface load from (2). The load can be further simply expressed in terms of equivalent water height, either globally or regionally.
Water volume variation due to water mass change of the ocean over the 60°S-60°N area ) (t Ψ δ is computed using the scalar product relation:
where A nm and BB nm are normalized harmonic coefficients of the geographical mask used to mark the boundary of the studied area. We construct this geographical mask over the 60°S-60°N ocean domain using a 400 km Gaussian filter [19] . 
GRGS GRACE gravity field solutions
In this study, we use the 128 global solutions of the Earth gravity field (i.e. the geoid) recently computed by Biancale et al. [20] , called GRGS-EIGEN-GL04 fields. These solutions consist of spherical harmonic coefficients, from degree 2 up to degree and order 50 (corresponding to a spatial resolution of 400 km at the surface of the Earth) at 10-day intervals for August 2002 through April 2006 (however 9 solutions are missing). It is worth to note that degrees 51 to 150 were solved for in a static manner based on all available 10-day intervals. These coefficients are to be found in the static EIGEN-GL04S model [20] .
The C 20 coefficients of the GRGS time series are determined in combining GRACE and LAGEOS-1/2 data. These C 20 coefficients are in fact very similar to the ones computed by Cox and Chao [21] (updated version, personal communication).
In the gravity field determination process, a number of time-variable effects have been taken into account: Earth and ocean tides, ECMWF 3-D atmospheric pressure fields, and the MOG-2D barotropic ocean model [22] . Since we are interested in the total ocean mass signal, we restore the MOG-2D short-term mass variations removed during the GRACE data processing.
More details on the data processing and the GRGS-EIGEN-GL04 geoid solutions, including the associated errors assessment can be found in reference [20] .
GRACE gravity field solutions do not include degree-1 spherical harmonic coefficients; neither do the atmospheric and oceanic correction fields. As a consequence, when we add back the ocean model to the solutions, we delete the corresponding degree-1 components.
These degree-1 terms represent the position of the Earth's center of mass in a terrestrial reference frame. To be consistent with the reference frame used for the Jason-1 altimetry data, the degree-1 coefficients, which are estimated from the seasonal variations of the Earth's center of mass proposed by Chen et al. [23] using satellite laser ranging (SLR) data, are added to the geoid solutions. Note that the secular rate of the geocenter motion is completely unknown at present. There is even no consensus in either its sign or magnitude. In this study we assume that the geocenter rate has negligible impact on global mean sea level trend estimate.
GFZ GRACE gravity field solutions
We also analyze the publicly available 35 GFZ GRACE gravity field solutions (RL03, called
EIGEN-GRACE04S) for the period February 2003 through February 2006 (June 2003 is missing)
. These geoid solutions consist of spherical harmonics coefficients up to degree and order 120 at monthly intervals and are the result of the latest reprocessing at GFZ using updated processing standards and background models (e.g., applying an ocean pole tide model [24] or using the baroclinic OMCT ocean model for correcting short-term oceanic mass variations, [25] ). As a consequence, the C 20 coefficient time series is now reliable when compared to Lageos-derived values. Further details such as the processing standards or release notes can be found at the GRACE archives at GFZ ISDC or JPL PO.DAAC.
As for the GRGS geoids, we also add back the monthly mean of the short-term mass variations of the ocean model which were removed during the GRACE data processing and added the degree-1 coefficients estimated from [23] .
Main differences between GRGS and GFZ GRACE gravity field solutions
The gravity field solutions calculated at GRGS and GFZ are the result of a long cooperation already started many years ago. During this collaboration regular software comparisons were made and the background force models and standards were harmonized. As a result, both centres calculated the pre-CHAMP gravity fields GRIM-5S and GRIM-5C and started to generate "European Improved Gravity model of the Earth by New techniques (EIGEN)" for CHAMP and GRACE. One of the latest results is EIGEN-GL04C, a combination of the above described GRGS and GFZ satellite-only models with terrestrial gravity data which was just recently chosen for Jason data reprocessing (http://www.gfz-
The main differences between the two gravity field time series are : a) the maximum degree of the solutions resulting from the different processing periods and temporal resolution (degree 50 / 10days for GRGS and degree 120 / 30 days for GFZ), b) the different models used to correct short-term oceanic mass variations (barotropic MOG-2D model assuming constant ocean mass for GRGS , baroclinic OMCT model allowing oceanic mass variations for GFZ), and c) the different handling of GRACE instrumental data (GFZ uses the data as provided by JPL while GRGS applies an additional smoothing to the K-band inter-satellite data).
Jason-1 sea level data.
In this study, we use Topex/Poseidon and Jason-1 altimetry-derived global mean sea level cm is removed to align Jason-1 and T/P mean sea level measurements. T/P and Jason-1 sea level data are first gridded in 2°x2° boxes, and then spatially averaged between latitudes 60°S
and 60°N at 10-days interval, using equi-area weighting. For more details on the corrections applied to compute mean sea level, please refer to the annual report published each year on the AVISO website:
http://www.jason.oceanobs.com/documents/calval/validation_report/j1/annual_report_j1_200 5.pdf.
Note that no inverse barometer (IB) correction is applied to the altimetry-based sea level data, to be consistent with GRACE data that observe the real water mass signal (not IB corrected).
Glacial isostatic adjustment (GIA) causes a secular increase in the volume of the ocean basins, which reduces global mean sea level by approximately -0.3 mm/year [26] . Thus, in order to explain the T/P and Jason-1-based sea level rise in terms of climate factors, a linear -0.3 mm/year correction was subtracted to the global mean sea level time series to account for GIA. Uncertainty on 10-day individual mean sea level values is of the order of 4 mm [27] . Figure 1 compares the mass component of the global mean sea level variations over the 60°S-60°N ocean domain, estimated with the two sets of GRACE geoids. A +1.7 mm/year correction was applied to both time series to account for GIA, as suggested by Tamisiea et al.
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[28], using the ICE-5G model [26] . In effect, GIA causes a change in the mean ocean geoid that has to be taken into account for estimating real ocean mass sea level variations. Note that this GIA correction is different from the one applied to altimetry data, because the GIA effects seen by both satellites are different (altimetry: geometric change of ocean basins, GRACE: gravity change over the oceanic domain). The uncertainty associated to this GIA correction is estimated by Tamisiea et al. [28] to ± 0.2 mm/year, depending on the mantle viscosity used in the model.
The agreement between the GRGS-and GFZ-derived ocean mass time series appears extremely good reflecting the very similar GRACE data processing strategy, applied background models and harmonized processing standards and software.
The least-squares fitted annual amplitudes and phases of the two time series are presented in Table 1 . The GRGS-derived ocean mass sea level curve has an annual amplitude of 7.5mm
and a phase of 285.6° (maximum on October 17 ) while the GFZ-derived ocean mass sea level curve has an annual amplitude of 7.1mm and a phase of 279.8° (maximum on October 11). rates are also presented in Table 2 . From these two values, we estimate the mean trend of the ocean mass component to be 1.2±0.5 mm/year over the last 3.5 years, the error bar taking into account the dispersion around the mean, formal errors and GIA correction uncertainty. Note that formal errors on ocean mass sea level trend estimates are still quite large, because of the short time period of GRACE observations. In the future, longer GRACE time series will help reducing errors bars on long-term trend estimates.
Discussion
During the past decade, several studies have estimated the terrestrial water contribution to the annual mean sea level using global land surface models outputs [29] [30] [31] [32] [33] . The general approach of these studies was to estimate the annual ocean mass component from the satellite altimetry-based global mean sea level, after correcting the latter for the steric component In principle, the trends reported in Table 2 represent the ocean mass increase due to change in land water storage and land ice melt. For the latter, most recent estimates indicate that mountain glaciers melting has contributed to 0.8 +/-0.4 mm/year over the last decade [34] .
Recently, estimates of the mass balance of Greenland and Antarctica ice sheets based on remote sensing have been proposed for the last decade [11] [12] [13] [14] [35] [36] [37] [38] [39] [40] [41] [42] . These results suggest that on average, Greenland is loosing ice mass, the process accelerating in recent years. The
Antarctic ice sheet is in a state of slight negative imbalance. Although much uncertainty exists for both ice sheets due to incomplete coverage in space and time, we conclude that the Greenland ice sheet could have contributed to about 0.3 ± 0.15 mm/year to recent years sea level rise and that the Antarctica ice sheet may be close to balance (although probable slight mass loss may prevail).
Summing the different land ice melt contributions, we find a value of approximately 1.1 mm/year equivalent sea level rise over the recent years. The GRACE-based ocean mass increase computed in the present paper, of 1.2 ± 0.5 mm/year, is compatible with this value considering the large error bars. However, it represents the total land water contribution, i.e., land ice plus land waters. The latter is very poorly known and is up to now estimated from land surface models only [32, 33] . A recent study based on GRACE [43] suggests that over the 
Steric sea level variations
Steric sea level variations, averaged over the 60°S-60°N ocean domain, are determined from terms of global mean, the halosteric is negligible [44] . Figure 3 shows the two 'Jason-1 minus GRACE' steric sea level time series. The agreement between GRGS-derived and GFZ-derived steric sea level curves is good.
The least-squares fitted annual amplitudes and phases of the two time series are presented in Table 1 . The 'Jason-1 minus GRGS'-derived steric sea level curve has an amplitude of 5.6 mm and a phase of 69.3° (maximum on March 11) while the 'Jason-1 minus GFZ'-derived steric sea level curve has an amplitude of 6.1mm and a phase of 68.7° (maximum on March 11).
We compare the above 'Jason-1 minus GRACE' estimates of steric sea level variations with the thermosteric sea level curve computed using the WOD-04 climatology [45] and Ishii et al.
[46] ocean temperature data. The results are shown in Fig. 4 . We note satisfactory agreement between 'Jason-1 minus GRACE' and in situ-based thermal expansion for the annual cycle, although the latter presents smaller amplitudes, especially with Ishii et al. [46] data. Annual amplitudes and phases of each curve are also presented in Table 1 . Note that Garcia et al.
[16], using geoid data from the Center for Space Research (GRACE project) found an amplitude of 6.4 mm and a 72.7° phase, very similar to our 'Jason-1 minus GFZ' estimate.
We further compute interannual steric sea level for both 'Jason-1 minus GRACE' data sets (after removal of annual and semi-annual cycles). These are shown in summary. Recent ice mass loss from the ice sheets does not support such an observation (e.g., [49] ). In addition, we do not observe such a high rate in ocean mass gain from GRACE data.
As the present study is restricted to the 60°S-60°N oceanic domain, we check that high latitude oceans are not responsible for such a large mass gain. We have computed the global (90°S-90°N) ocean mass variations using GRACE data (as done in section 3.1 for 60°S- 
Conclusion.
We have estimated the two main components of the global mean sea level rise for the recent years, i.e. ocean mass change and thermal expansion, by combining the observations of two complementary satellites: GRACE and Jason-1.
Using two different releases of GRACE data (GRGS-EIGEN-GL04 and GFZ EIGEN- However, in situ-based steric sea level shows a dramatic downward trend beyond this date, in complete disagreement with our estimate based on altimetry and GRACE data over the same period. Further investigation is needed to solve this problem.
However, the uncertainty on trend estimates is still large. In the future, longer and improved GRACE time series will help reducing these errors bars. Table 1 . Annual amplitudes and phases of the best fitting sinusoids to the time series shown in Table 2 . Trends of the time series shown in Fig.1, 3 and 4, and of Jason-1 sea level time series, after removal of annual and semi-annual components (see Fig. 2, 5, 6 ). Adjustments are defined over the periods indicated in bold characters. 
